Introduction
Intracerebral hemorrhage (ICH), caused by rupture of blood vessels in nontraumatic brain parenchyma, is one of the most common acute cerebrovascular diseases with high mortality. 1 The extravasated blood accumulates and compresses the surrounding brain tissues forming hematoma, the components (especially the blood-derived leukocytes and neutrophils) of which infiltrate the brain parenchyma and break the blood-brain barrier (BBB) leading to inflammatory responses and cerebral edema as well as nerve 
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Fu et al damage. Numerous studies have shown that inflammatory response played an important role in ICH-induced brain injury. [2] [3] [4] Inflammation is mediated by cellular components (such as leukocytes and microglia) and molecular components, including prostaglandins, chemokines, cytokines, extracellular proteases, and reactive oxygen species (ROS). [5] [6] [7] The microglial cells, which can release pro-inflammatory cytokines and chemokines, were activated within minutes after ICH and recruited hematogenous inflammatory cells to the injury site triggering nuclear transcription factor kappa B (NF-κβ)-related inflammatory signaling pathway. [8] [9] [10] NF-κβ, a key regulator of many pro-inflammatory cytokines such as tumor nectosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), was without activity when combined with inhibitory κB proteins (IκBs) in no-stress conditions but activated as early as in 15 minutes and persisted for at least a week after ICH, 10 and its activation was positively related to the progress of apoptotic in patients with ICH. 11 ROS, also known as an important signaling molecular and released by neutrophils, vascular endothelium, and activated microglia/macrophages, 7, 12 could influence NF-κβ activation; meanwhile NF-κβ pathway could also influence the ROS level by increasing the expression of antioxidant proteins. 13 Many researchers considered that ROS played an important role in ICH-induced brain injury, 14, 15 and excessive ROS was regarded as a hallmark of most brain damage. 16 Maybe inhibiting the NF-κβ-related pathway and generation of excessive ROS could reduce the brain injury caused by ICH.
Theaflavin (TF), first found by Roberts et al 17 from black tea, has been demonstrated as having various biological functions, such as radical scavenging, antimutagenicity, hypolipidemic, anticancers, antiviral, as well as anti-inflammatory activity. 18 Kim et al 19 demonstrated that TFs significantly reduced the mRNA level of the lipopolysaccharide (LPS)-induced IL-6, monocyte chemoattractant protein-1, and intercellular adhesion molecule-1 in bone marrow-derived macrophages, inhibited the cytosolic IκBα protein degradation, and blocked the nuclear translocation of RelA (NF-κβ-p65), suggesting that inhibition of pro-inflammatory mediator production by TFs occurred via blocking of NF-κβ signaling pathway. Ukil et al 20 also found that pretreatment with TF-3,3′-digallate markedly inhibited trinitrobenzene sulfonic acid (TNBS)-induced increases in nuclear localization of NF-κβ, cytosolic IkappaB kinase activity, and preserved IκBα in colon tissue. Another study showed that TF administration ameliorated the brain's infarct as well as edema volume in rat model of middle cerebral artery occlusion and protected neurons from cerebral ischemia-reperfusion injury through its anti-inflammatory effect. 21 In this study, we investigated whether TF could inhibit the inflammatory response caused by ICH in rats and explored its mechanism.
Materials and methods animals administration and ich induction
One hundred and sixty-five adult Sprague-Dawley rats (240 g-260 g), obtained from Charles River Laboratories (Wilmington, MA, USA) were accommodated in a temperature-controlled reverse light cycle environment (23°C ± 2°C, 12-hour light/dark cycle) without limited access of food and water. All experiment procedures complied with the National Institute Rules for the Care and Use of Laboratory Animals and were approved by the Guangzhou University of Chinese Medicine Animal Committee. As previously described, 22, 23 ICH was induced as follows: the rats were anesthetized and fixed in a stereotactic frame in a prone position, then a 1 mm burr hole was made and a 26-gauge needle was inserted into the right basal ganglia. The stereotaxic coordinates were 0.2 mm anterior, 3 mm right lateral to the bregma, and 6 mm ventral to the skull. The ICH model was constructed by type VII collagenase (0.5 U in 2 μL saline per rat, C0773, Sigma-Aldrich Co., St Louis, MO, USA) at a flow rate of 0.4 μL/min. The sham group rats were perforated at the same position and infused in an equal volume of saline into the brain.
Drug administration
For TF (Sigma-Aldrich Co., purity 80%) administration, the rats were treated with TF by gavage at the given dose (25 mg/kg-100 mg/kg) 1 day before ICH. For the sham group and ICH group, the animals were given the same volume of saline. NF-κβ could be activated by a wide variety of inflammatory stimuli, including TNF, IL-1, phorbol 12-myristate 13-acetate (PMA), H 2 O 2 , ceramide, LPS, and ceramide. [24] [25] [26] Here, we used PMA (ab120297, Abcam, Cambridge, UK) as a NF-κβ activator and dissolved it in dimethyl sulfoxide (D8418, Sigma-Aldrich Co.), which was intracerebroventricularly injected (100 μg/kg) just before ICH attach by making another burr hole as previously described.
27-31

Behavioral testing
Behavioral tests including corner test and paw placement test were performed 24 hours after ICH induction. The scores were recorded by an experienced researcher who was unacquainted with the experiment conditions. 
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Theaflavin alleviates the brain injury corner test As Xi et al described, 22 the rats were placed at a 30° corner and the number of right turns were recorded. Each rat was allowed 10 attempts (n =5 rats/group). The score of corner test was calculated as number of right turns ÷ total turns × 100 and expressed as percentage.
Paw placement test
Also as Xi et al described, 22 the rats' bodies were held lightly paralleled up to a table board, then moved slowly and vertically until the vibrissae on one side touched the table surface. The time of the ipsilateral paw's forward movements was also recorded: 0 point represented no placing of the paw, 1 point indicated delayed placing (2 s), and 2 points meant immediate placing. The test was repeated 10 times (n =5 rats/group).
evans blue extravasation assay
Evans blue was used to assess the BBB permeability 24 hours after ICH. 22 The method was as follows: 2% Evans blue dye (2 mL/kg, E104208) injected into the tail vein and maintained for 2 hours; the brains from the euthanized rats were taken out for weighing, then treated with formamide for 24 hours at 37°C, and the samples were centrifuged at 2,000 ×g for 10 minutes to collect the supernatant. The 632 nm wave length was used to measure the samples' optical density.
Brain water content measurement
Brain water content measurement 32 was used to evaluate the formation of brain edema. Each brain was immediately weighed as the wet weight after being divided into two halves (the ICH half and the uninjured half), then was dried at 100°C for 24 hours and weighed again as the dry weight. The brain water content was calculated as (wet weight -dry weight) ÷ wet weight × 100 and expressed as percentage (n =5 rats/group).
Measurement of rOs production
As Yuan previously described, 16 the ROS levels in the brain were measured by 2′,7′-dichlorofluorescin diacetate (DCFH-DA, Beyotime Institute of Biotechnology, Haimen, People's Republic of China). The tissues were homogenized and treated with 5 mM DCFH-DA in phosphate buffered saline for 30 minutes at room temperature. For the detection of the fluorescence, the excitation splitter and the emission splitter were 484 nm and 530 nm, respectively. Set the sham group to 100% to calculate the ROS content (n =5 rats/group).
nissl staining
Procedures for Nissl staining 33 were as follows. Briefly, after dehydration in 30% sugar solution, the tissues were sliced with a freezing microtome (Leica Microsystems, Wetzlar, Germany). The sections were stained with toluidine blue (89640, Sigma-Aldrich Co.) and covered with 50% glycerin. Images were taken with a light microscope (Olympus Corporation, Tokyo, Japan) and a digital camera (Olympus Corporation) (n =3 rats/group).
apoptosis assay
Cellular apoptosis in the frozen sections were assessed by in situ cell death detection kit (based on terminaldeoxynucleoitidyl transferase mediated nick end labeling) (TUNEL, Hoffman-La Roche Ltd., Basel, Switzerland) according to the manufacturer's protocol. The nuclei were stained with 4′,6-diamidino-2-phenylindole and the images were taken using a fluorescent microscope (n =3 rats/ group).
Quantitative reverse transcriptionpolymerase chain reaction (qrT-Pcr)
As the manufacturer described, total RNA was extracted from frozen brain with RNAiso Plus (9108, Takara, Otsu, Japan) and first-strand cDNA was synthesized from 1 μL total RNA using PrimeScript™ RT reagent kit with gDNA Eraser (RR047A, Takara). qRT-PCR was performed according to the procedures of SYBR ® Premix Ex Taq™ II (Tli RNaseH Plus) kit (RR820L, Takara). Target gene expression was normalized by the endogenous control, β-actin. The primers were as follows: β-actin sense 5′-CGTAAAGACCTCTATGCCAA-3′, β-actin antisense 5′-AGCCATGCCAAATGTGTCAT-3′; NF-κβ-p65 sense 5′-ACGATCTGTTTCCCCTCATCT-3′, NF-κβ-p65 antisense 5′-TGCTTCTCTCCCCAGGAATA-3′; IL-1β sense 5′-CACCTCTCAAGCAGAGCACAG-3′, IL-1β antisense 5′-GGGTTCCATGGTGAAGTCAAC-3′; Caspase-1 sense 5′-CCAGAGCACAAGACTTCTGAC-3′, caspase-1 antisense 5′-TGGTGTTGAAGAGCAGAAAGC-3′ (n =3 rats/group).
Western blotting analysis
The whole cell and cytoplasmic-nuclear proteins were extracted according to the manufacturer's instruction (Beyotime Institute of Biotechnology). For Western blotting analysis, 40 μg/lane proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The blots were probed with primary antibodies as described below, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG as the secondary antibody (ab6721) (1:3,000 dilution). The rabbit anti-NF-κβ-p65 (ab16502) (1:200 dilution) and anti-caspase-1 antibody (ab108362) (1:1,000 dilution) were from Abcam. The rabbit anti-IL-1β antibody (sc-7884) (1:1,000 dilution) and β-actin (sc-47778) (1:1,000 dilution) were from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). The proteins were visualized using enhanced chemiluminescence reagents (P0018, Beyotime Institute of Biotechnology), the signals of which were collected by the motored molecular imaging system (Tanon-5500, Tanon Science & Technology Co. Ltd., Shanghai, People's Republic of China). Densitometric analysis was performed with the ImageJ software (n =3 rats/group).
enzyme-linked immunosorbent assay (elisa)
According to the manufacturer's protocols, the post-ICH brain tissue homogenate was analyzed for inflammatory cytokines including IL-1β (EK0393), IL-18 (EK0592), TNF-α (EK0526), interferon gamma (INF-γ) (EK0374), transforming growth factor beta (TGF-β) (EK0514), as well as the chemokine CXCL1 (EK0724) using ELISA kits (Boster Biological Technology, Pleasanton, CA, USA). The cytokine concentration was normalized by the total protein concentration, which was tested by a BCA protein assay kit (PC0020, Solarbio Life Sciences, Beijing, People's Republic of China) (n =5 rats/group).
statistical analysis
Statistical analysis was carried out with analysis of variance followed by Bonferron's multiple t-tests. A p-value 0.05 was considered to be statistically significant.
Results
TF treatment protected the rats from ich-induced brain injury
There was no dead rat in the sham group and in the TF group. However, three rats died after ICH attack and another three were supplied. The effect of TF on the rats' behavioral performance was investigated by corner test and paw placement test 24 hours after ICH. As shown as Figure 1A and B, the ICH group animals showed a higher frequency of right turns and a lower paw placement score than the sham group ones while administration of TF greatly reduced the frequency of right turns and improved the paw placement score, which proved that TF could significantly improve the behavioral performance after ICH.
Next, we examined other injury indicators induced by ICH. Compared to the sham group, Evans blue extravasation ( Figure 1C) , the brain water content of the right hemisphere (the ICH part, Figure 1D ) and the ROS level ( Figure 1E ) were significantly high in the ICH group. However, pretreatment of the ICH rats with different doses of TF reduced all these three injury indicators to a large degree. But for the brain water content assay, we found that there were no significant differences among the groups in the left hemisphere (the uninjured part, Figure 1D ). These results suggested that TF could decrease BBB permeability, inhibit the formation of edema, and scavenge the excessive ROS induced by ICH.
Taken together, TF could alleviate ICH injury and improve the neurological functions via maintaining the BBB integrity and preventing the formation of brain edema as well as scavenging the over-produced ROS. All the experiments showed that 50 mg/kg TF had the best effect.
TF treatment suppressed the inflammatory response induced by ICH
Increasing evidences suggest that inflammatory response plays a key role in the ICH-induced brain injury. Here, we tested whether TF could resist the release of inflammatory cytokines with ELISA 24 hours post ICH. As shown as Figure 2 , the levels of IL-1β (Figure 2A ), IL-18 ( Figure 2B ), TNF-α ( Figure 2C ), interferon-γ (IFN-γ) ( Figure 2D ), TGF-β ( Figure 2E ), CXCL1 ( Figure 2F ) in ICH brain homogenates were obviously increased compared to the ones in the sham group. Nevertheless, taking TF decreased the expressions of these factors, indicating that TF could suppress the ICHinduced inflammatory response. The data also showed that the dose of 50 mg/kg TF was the best choice.
TF protected neural cells from ich-induced death via inhibiting the nF-κβ-related pathway
In order to verify the effect of TF on neuron death, we carried out Nissl staining and TUNEL experiment 24 hours post ICH. Nissl staining displayed an apparent loss of Nissl bodies in the ICH group compared to the sham group while showing a remarkable increase in pretreated with TF (50 mg/kg) compared with the ICH group ( Figure 3A) . TUNEL staining appeared to obviously elevate TUNEL-positive cell numbers in the ICH group compared with the sham group while showing a significant decrease in receiving TF administration ( Figure 3B ). In order to explore whether the anti-apoptosis mechanism of TF is associated with NF-κβ-p65-related inflammatory response, we made qRT-PCR and Western 
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Theaflavin alleviates the brain injury blot analysis. The mRNA levels of NF-κβ-p65, IL-1β, and caspase-1 were obviously upregulated after ICH attack but downregulated by pretreating TF ( Figure 3C ). As shown as Figure 3D , the protein levels of NF-κβ-p65, IL-1β, and caspase-1 showed similar trends to the mRNA levels, indicating that TF could protect neurons from ICH-induced apoptosis by inhibiting NF-κβ-related inflammatory response.
PMa attenuated the positive effect of TF on ICH-induced neural deficits and brain injury
In order to further explore the relationship of TF and NF-κβ, we treated the ICH rats with PMA as a nonspecific activator of NF-κβ-p65 after TF administration. All the rats survived after PMA treatment. As shown as Figure 4A and B, the rats treated with PMA got a higher corner test score and a lower paw placement score than those pretreated with only TF, suggesting that PMA aggravated the ICH rats' behavioral deficits. The ICH rats also showed an obvious increase of brain water content (in the right hemisphere) and Evans blue extravasation after PMA injection ( Figure 4C and D) . It was worth reminding that there were no significant differences in the brain water contents between the groups in the left hemisphere. These results indicated that PMA increased BBB permeability and promoted the formation of brain edema even if in the case of TF.
PMa limited the anti-apoptosis activity of TF on ich rats by upregulating nF-κβ-related signaling pathway
At last, we explored the effect of PMA on neuronal apoptosis. As shown in Figure 5A , compared to the TF group, the Nissl Figure 1 TF treatment protected the rats from intracerebral hemorrhage (ich)-induced brain injury. corner test (A) and paw placement test (B) were performed 24 hours after ich to evaluate the rats' behavioral performance. evans blue extravasation assay (C) and the brain water content measurement (D) were conducted for assessing blood-brain barrier permeability and the formation of edema post ICH and theaflavin (TF) administration. The level of reactive oxygen species was detected by a fluorescent dye 2′,7′-dichlorofluorescin diacetate and the sham group fluorescence intensity was set as 100% (E). The dose of TF was from 25 mg/kg to 100 mg/kg. Values were expressed as mean ± sD (n =5). Notes: **p0.01, ***p0.001 vs the levels of the sham group. Figure 5B ) after PMA administration. qRT-PCR and Western blot analysis showed that the expressions of nuclear NF-κβ-p65, caspase-1, and IL-1β were upregulated as well post PMA treatment ( Figure 5C and D). These findings suggested that PMA exacerbated neuronal apoptosis in the ICH rats even in the case of TF by upregulating the nuclear expression of NF-κβ-p65 and activating caspase-1 as well as IL-1β.
Discussion
As is well known, TF has a variety of health care functions. 34 It was reported that TF could ameliorate ionizing radiationinduced hematopoietic injury as well as cerebral ischemiareperfusion injury via anti-inflammatory response. 21, 35 In this study, we found that TF could improve the neural functions and alleviate brain injury as well as inflammatory response via suppressing NF-κβ-p65-related pathway in the ICH rats.
ICH, closely associated with hypertension, cerebral amyloid angiopathy, brain tumors, and so on, 36 ,37 has a mortality rate as high as 40% at one month, of which most survivors have some sequelae with different degrees, such as dyskinesia, logopathy, cognitive disorder, dysphagia. 38, 39 Here, we used collagenase to induce ICH model and found that the rats showed a setback in the behavioral performance and an increase of BBB permeability as well as brain water content 24 hours after ICH, consistent with the results by others. 22, 23, 32 However, pretreating the ICH rats with TF got an improvement of behavioral ability with a decrease of BBB permeability and brain water content ( Figure 1A-D) . It has been known that the leukocytes immediately invading into brain after blooding contributed to disruption of BBB followed by brain edema formation. 37 So we considered that TF could protect BBB from leukocyte invasion to inhibit the information of brain edema, which further enhanced the neural functions of the ICH rats.
It has been found that ROS stimulates numerous signal transduction pathways that are important in maintaining cellular homeostasis in the neuron. 40 For instance, we discovered along with generation of ROS, the nuclear NF-κβ-p65 also showed an upregulated expression after ICH in rats, indicating a close relationship between ROS and NF-κβ-p65 ( Figures 1E and 2C) . However, pretreatment with TF markedly reduced the release of ROS. In agreement with our study, Yuan et al 16 found that the ICH model mice had a significant increase in ROS generation; while treatment with silymarin, an antioxidant from plant, significantly decreased 
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Theaflavin alleviates the brain injury the generation of ROS and lipid peroxidation. These results suggested that maybe scavenging the over produced ROS could be considered as a method for alleviating the ICH injury, consistent with the point that ROS could be a potential target for ICH therapy. Numerous studies have shown that inflammatory response plays an important role in ICH-induced brain injury. 4, 37 Li et al 32 found that the expression levels of inflammatory cytokines including TNF-α, IL-1β, and IL-18, regulated by Foxo1/TLR4/NF-κβ signaling pathway, were significantly increased at 12 hours post ICH compared with the sham operation group, which was also demonstrated by Yuan et al. 16 TNF-α and IL-1β, as the classic pro-inflammatory cytokines, have been proposed to exacerbate ICH-induced brain injury and could induce each other mutually and activate a positive feedback of cellular activation.
7,41 IFN-γ, released mainly by activated T lymphocytes and natural killer cells, also has an upregulated expression in the ICH mice 42 and could interact with microglia producing a number of inflammatory cytokines (such as TNF and IL-1) after cerebral ischemia reperfusion, which further aggravated the inflammation. 43 Decades ago, Krupinski et al 44 found the expression of TGF-β was increased in brain tissue after ischemic stroke in humans. However, in contrast with TNF-α and IL-1β as 
1616
Fu et al well as IFN-γ, TGF-β was considered as a neuroprotective factor or an anti-inflammatory cytokine. Study by Zhu et al demonstrated that TGF-beta1 could protect cultured hippocampal neurons against apoptosis by efficiently inhibiting caspase-3 activation. 45 In the cerebral ischemic stroke rats, TGF-β1 may activate the expression of Bcl-2 via Smad3 to suppress the neuronal apoptosis. 46 Similar with TGF-β, CXCL1 was also considered as an anti-inflammatory factor and was found to be upregulated in the ICH mouse. 47, 48 TF has been demonstrated to have an anti-inflammatory property. For example, Ukil et al 20 found that treatment frequency and duration guidelines treatment significantly decreased the expressions of TNF-α, IL-12, IFN-γ, as well as inducible nitric oxide synthase and improved TNBS-induced colitis. We analyzed the protein expressions of IL-1β, IL-18, TNF-α, IFN-γ, TGF-β, and CXCL1 in the ICH brain homogenates finding that TF obviously decreased the levels of all these proteins compared to the ICH animals without TF treatment, indicating TF could alleviate ICH-induced inflammatory response (Figure 2 ). These pro-inflammatory cytokines and anti-inflammatory factors interacted with each other as a feedback to the ICH attack.
Neuronal death (including apoptotic and necrotic neurons) at the site of the hematoma occurs rapidly after ICH has happened. 49, 50 TUNEL-positive cells were observed at 6 hours in the ICH model and peaking at 3 days but not in the saline control brains. 51 Recent research showed that the human neuronal apoptosis after ICH was closely related with NF-κβ-p65, IL-1β, and TNF-α expressions. 52 Others showed that the formation of mature IL-1β and IL-18 was closely associated with activated caspase-1, 53 which belongs to inflammatory caspase, also known as IL-converting enzyme, and could be activated by NLRP3 inflammasome. 54 Here, we detected that pretreating the ICH rats with TF could effectively decrease the loss of neuron as well as apoptosis and the expressions of nuclear NF-κβ-p65, caspase-1, and IL-1β on the mRNA and protein levels (Figure 3) . So, we supposed that TF played the protective effects by inhibiting the activation of NF-κβ-p65 and the downstream responses, namely the generation of cleaved caspase-1 and IL-1β. PMA limited the anti-apoptosis activity of Theaflavin (TF) on intracerebral hemorrhage (ICH) rats by upregulating nuclear transcription factor kappa-B (NF-κβ)-related signaling pathway. nissl staining was performed 24 hours after phorbol 12-myristate 13-acetate (PMa) administration and the integral optical density of nissl bodies were calculated with imageJ software (A). neuronal apoptosis was analyzed by transferase dUTP nick end labeling (TUnel) and the percentages of TUnel-positive were calculated with imageJ software (B). Quantitative reverse transcription-polymerase chain reaction was used to analyze the mrna levels of nF-κβ-p65, il-1β, and caspase-1 (C).
Western blot was used to analyze the effect of PMa on the expressions of nuclear nF-κβ-p65, il-1β, and caspase-1 (D). Values were expressed as mean ± sD (n =3). Notes: *p0.05, **p0.01, ***p0.001 vs the levels of the ich + TF group. scale bar = 100 μm (A); 50 μm (B).
NF-κβ existed as a dimer mainly with p50 and p65. In the case of resting, NF-κβ is colocated in the cytoplasm with IκBs as an inactive trimer. Once stimulated, such as through PMA treatment, 55 IκB was phosphorylated and released from the trimer leading to translocation of NF-κβ to the nucleus. 10 PMA, usually used as a protein kinase C activator, could phosphorylate IκB and elevate p65 nuclear translocation. 56, 57 We used PMA as a nonspecific activator of NF-κβ-p65 and found that treating ICH rats with PMA after pretreating with TF aggravated behavior degradation, BBB permeability, as well as the brain edema and exacerbated the neuron death with anabatic expressions of NF-κβ-p65, Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
Dovepress
1618
Fu et al caspase-1, and IL-1β (Figures 4 and 5) , suggesting that TF does alleviate ICH-induce brain injury by inhibiting NF-κβ-related pathway.
Conclusion
TF, as an anti-inflammatory factor, could alleviate the ICH-induced inflammatory response and brain injury in rats via inhibiting NF-κβ-related pathway, which provided a new way for the therapy of ICH. In addition to the anti-inflammatory activity, maybe TF played the protective effect on ICH by other ways, for example, the antioxidant pathway, for we detected TF could scavenge the ROS induced by ICH. So next, we need to work more for exploring the targets for TF in ICH.
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